Summary A MADS-box gene (PdPI) was isolated from a cDNA library constructed from male flower buds of Populus deltoides Bartr. ex Marsh. According to an analysis of genomic DNA structure and putative protein structure, and a phylogenetic study, PdPI is an ortholog of the Arabidopsis PI gene. Relative-quantitative real-time polymerase chain reaction analysis showed that PdPI has a broader expression pattern than PI in Arabidopsis. PdPI was strongly expressed in floral buds and roots and weakly expressed in immature xylem, leaves and apical buds of the male P. deltoides tree. In male inflorescences, PdPI expression was abundant in the perianth and anther, and weak in the peduncle and mature pollen. The large differences in PdPI expression at various phases of male floral bud development were closely related to the development of flower organs (perianth and stamen) and pollen. PdPI was also expressed in female inflorescences. Our results suggest that PdPI has multiple functions in the development of P. deltoides.
Introduction
Poplar (Populus spp.) is an economically and ecologically important forest genus found worldwide. With the increased production of transgenic trees, the release areas of transgenic poplar are increasing rapidly (Lu and Hu 2006, Hou et al. 2006) , raising concerns about transgene contamination via pollen flow (Carlson 2005, Hoenicka and Fladung 2006) . The production of sterile genetically engineered trees is a rapid and effective way to solve this problem, but requires a detailed understanding of the molecular mechanisms that control flower development.
The floral MADS-box genes encode transcription factors and are essential regulators of the development of the floral meristem and floral organs in plants (Yanofsky et al. 1990 , Weigel 1995 , Theissen et al. 1996 , Borner et al. 2000 , Becker and Theissen 2003 . The floral MADS-box genes of Arabidopsis and their homologs in trees have been divided into several major classes (i.e., A, B, C, D and E) by phylogenetic analysis (Cseke and Podila 2004) . Generally, genes of the same class are homologs and are functionally similar (Kim et al. 2005) . In flower development, A-class genes (AP1, CAL and AP2) specify the development of sepals; a combination of A-, B-and E-class genes participate in petal development; B-(AP3 and PI), C-and E-class genes are involved in stamen production; C-(AG) and E-class genes specify carpel formation; D-class genes (SHP1 and SHP2, AGL11 and AGL13) are closely related to C-class genes and control the development of ovules and seeds; and E-class genes (AGL3 and SEP) work with A-, B-and C-class genes and function in different whorls (as reviewed by Cseke and Podila 2004) .
Unlike Arabidopsis, which is androgynous and has four whorls, poplar is dioecious, and the flower is composed of two whorls with reduced perianths and stamens or pistils. Studies have been conducted on selected MADS-box genes related to flower development in poplar, such as the AG homologs PtAG1 and PtAG2, the AP3 homologs PTD of Populus trichocarpa Torr. & Gray and PtAP3 of P. tomentosa Carr. , Wang et al. 2005 , the AP1 homologs PTM1 and PTM2 of P. tremuloides Michx. (Cseke et al. 2003) , and the SEP-class homologs PTM3, PTM4 and PTM6 of P. tremuloides (Cseke et al. 2005) .
We report the isolation and characterization of a PI homolog, PdPI, from a male-floral-bud cDNA library of P. deltoides Batr. ex Marsh. We investigated the expression of PdPI in various organs, at several stages of male floral bud development, and in male and female inflorescences of P. deltoides. To our knowledge, this is the first report of the isolation and characterization of PI homologs from poplar.
Materials and methods

Plant materials
Plant material was collected from an adult male P. deltoides tree located in Beijing, China (40°0′0″ N, 116°14′24″ Ε). Terminal buds, mature leaves, immature xylem and root tissues were taken from the tree for analysis on September 3, 2005.
Male flower buds at various ontogenetic stages were collected on January 20, February 6 and 12, July 8, August 19 and September 7, 2005. The buds gathered on January 20 and February 6 and 12 were collected from branches that were excised on December 30, 2005 and maintained by water culture in a naturally lit greenhouse at temperatures between 20 and 28°C. The buds were fixed in freshly prepared 2:1:14 (v/v) formaldehyde:acetic acid:ethanol (FAA) and stored at 4°C for microscopic observation. On April 12, 2007, male and female inflorescences were collected before flower opening from an adult P. deltoides tree located in Qinhuangdao, China (39°32′60″ N, 119°20′60″ E), and mature pollen was collected. Samples were immediately frozen in liquid nitrogen and stored at -70 °C until use.
Isolation and sequencing of a full-length cDNA
A full-length cDNA clone was isolated from a cDNA library constructed from male buds of P. deltoides by Zhou et al. (2006) using the SMART (switch mechanism at the 5′ end of RNA templates) technique. Both strands of the full-length cDNA were sequenced by the dideoxynucleotide chain termination method (TaKaRa Bio, Dalian, China).
Genomic DNA cloning and sequence determination and analysis
Genomic DNA was amplified with the primers P1 (5′-GATT-GAGAACGCAAGCAACA-3′) and P2 (5′-CGAAAGGCAC-CTGGAAATTA-3′) designed for the 5′ and 3′ ends of the full-length cDNA and PfuUltra high-fidelity DNA polymerase (Stratagene). Polymerase chain reaction (PCR) conditions were: initial denaturation at 94°C for 5 min; 36 cycles of 94°C for 20 s, 58°C for 20 s and 72°C for 2 min; and a final extension of 7 min at 72°C. The amplified fragments were fused into the pGEM-T Easy vector (Promega). Both strands of three randomly chosen genomic DNA amplicons were sequenced by the dideoxynucleotide chain termination method (TaKaRa Bio). The DNA sequence data were analyzed with DNAMAN v. 5.2.9 (Lynnon Biosoft). Comparison searches were performed with the NCBI BLASTN and BLASTX programs.
Phylogenetic analysis
We retrieved B-class MADS-box protein sequences of plant species from the GenBank database for use in phylogenetic analysis including: Arabidopsis thaliana, PI (gi 15241299), AP1 (gi 478713) and AP3 (gi 543815); Antirrhinum majus, DEF (gi 16018); Zea mays, ZMM16 (gi 13274178), ZMM18 (gi 13274180) and SILKY1 (gi 7328575); Oryza sativa, OsMADS2 (gi 73920926), OsMADS4 (gi 73920927) and OsMADS16 (gi 73920923); Cucumis sativus, CUM26 (gi 4105097); Phalaenopsis equestris, PeMADS3 (gi 38680587); Vitis vinifera, PI-like (gi 67764083); Malus × domestica, MdPI (gi 12666533) and MdMADS13 (gi 16973294); Litchi chinensis, LiM1 (gi 51832629); Eucalyptus grandis, EGM2 (gi 3114586); Populus trichocarpa, PTD (gi 10835358); Gnetum gnemon, GGM2 (gi 5019429); Picea abies, DAL11 (gi 6580941) and DAL13 (gi 6580949); and Pinus radiata, DGL (gi 6840998). Multiple sequence alignment of MIK domains was performed with CLUSTALW. The dataset contained 184 sites including the gap (as a missing site); there were 22 conserved sites, 153 variable sites, 128 parsimony-informative sites and 20 singletons. A phylogenetic tree was generated by the neighbor-joining method of MEGA v.3.1 (Kumar et al. 2004 ) based on the p-distance amino acid substitution model, and the tree was tested by the bootstrap method with 1000 replicates.
Relative-quantitative real-time PCR
Total RNA was extracted from poplar tissues using an RNeasy Plant Mini Kit (Qiagen, Germany) according to the manufacturer's instructions. The RNA samples were treated with RNase-free DNase (Promega, USA) for 30 min at 37°C. The cDNA was synthesized with Superscript II RNase-Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions and checked for purity with specific genomic DNA primers. The relative-quantitative real-time polymerase chain reaction (RQ real-time PCR) analysis was carried out in an ABI Prism 7500 sequence detector (Applied Biosystems, CA). Each PCR (final volume 20 µl) contained 1 µl first-strand cDNA, 200 nM primers and 1× SYBR PCR mixture (TaKaRa Bio). The amplification conditions were: 10 s at 94°C, followed by 40 cycles of 5 s at 94°C and 34 s at 55°C. As a control, parallel amplification reactions were performed with primers specific for TUB11 and ACT11 as reference genes (Brunner et al. 2004) , TUB11 for male flower buds at various developmental stages and ACT11 for others. In all experiments, four replicates for each RNA sample were included.
Relative quantification values and standard deviations were calculated by the standard-curve method according to the manufacturer's instructions (ABI Prism 7000 Sequence Detection System Users Guide).
The PCR primers were, for PdPI, 5′-AGGCTATGGGACG-CTAAACA-3′ and 5′-TGCTGTGGTACTCCATCTGC-3′; for ACT11, 5′-CACACTGGAGTGATGGTTGG-3′ and 5′-ATT-GGCCTTGGGGTTAAGAG-3′; and for TUB11, 5′-GCACC-AACTTGTTGAGAATGC-3′ and 5′-TTCAACTGACCAGG-GAACC-3′.
Accession number
The GenBank Accession number of PdPI is EU029172.
Results
Analysis of the sequence of the full-length cDNA
A total of 4500 clones randomly selected from the Populus deltoides male-bud cDNA library were sequenced from their 5′ ends (Zhou et al. 2006) , and a cDNA clone containing a MADS-box domain was found through a GenBank BLAST search. Sequencing of both strands of the cDNA clone indicated it was full-length and comprised 903 bp, a 55-bp 5′ UTR, a complete open reading frame (ORF) of 630 bp, a 182-bp ′ UTR and a 30-bp poly(A) tail. The ORF began from the first presumed ATG start codon located at 56-58 bp and terminated at a TAA stop codon at 689-691 bp, encoding 210 amino acids (Figure 1 ). The putative protein has a molecular mass of 24.57 kDa and a pI of 8.2.
GenBank BLAST search analysis of the deduced protein sequence yielded high homology with MADS-box proteins of several plant species (65-75% identity and 83-90% similarity). It exhibited the greatest similarity (90%) with the PISTILLATA-like MADS-box gene of Vitis vinifera (Table 1) . The putative protein was classified as a MADS-box transcription factor, because it contained a conserved MADS-box between Residues 2 and 60 and a K-box between Residues 71 and 164 (Figure 1) . Within the K-box, a sequence from Residues 83 to 87 (KHENL) matched perfectly with a highly conserved sequence (KHExL) in PI homologs, and the C-terminal domain contained the characteristic PI motif (Figure 1 ) (Kramer et al. 1998 ). Thus, this P. deltoides PI-like B-class MADS-box gene was named PdPI.
The K domain of PI homologs is a crucial region for the heterodimeric formation of AP3/PI, which binds to DNA to regulate the expression of downstream genes during plant flower development (Yang et al. 2003) . The predicted secondary structure of the deduced PdPI protein revealed that its K domain is rich in hydrophobic amino acid residues and may form several α helices.
Isolation of a PdPI genomic DNA fragment
To reveal the structure of PdPI, a 2236-bp genomic DNA fragment was isolated by PCR and fully sequenced. A complete genomic DNA region of 2312 bp was obtained by combining data from this genomic DNA fragment with the cDNA sequence. The PdPI gene has 7 exons and 6 introns (Figure 2) , and their positions are similar to those of MdPI in Malus domestica (Yao et al. 2001 ).
Phylogenetic analysis of PdPI
To better understand the relationships of the PdPI gene to the B-class MADS-box genes of other species, we used sequences of MIK domains from 22 previously reported B-class MADSbox genes from a model plant (Arabidopsis), gymnosperms, eudicots and monocots to infer the phylogenies of the PdPI genes. Similar to the results of Winter et al. (2002) , the B-class MADS-box genes could be classified into PI, AP3 and GGM2 subclasses (the GGM2 subclass is from the gymnosperm group, and the PI and AP3 subclasses are from the angiosperm group). Comparison with B-class genes from gymnosperms, eudicots and monocots showed that PdPI falls within the PI subclass of B-class MADS-box proteins and has the greatest similarity to a PI-like protein of Vitis vinifera (Figure 3) . These results suggest that PdPI has expression patterns similar to those of other genes in the same clade (Theissen et al. 1996 , Alvarez-Buylla et al. 2001 ).
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Expression patterns of PdPI
To determine the expression profile of PdPI, we used RQ real-time PCR to detect its transcripts in various tissues of an adult male P. deltoides tree. PdPI was expressed in flower buds, roots, immature xylem, leaves and terminal buds, but the relative expression levels varied. PdPI showed the highest transcript abundance in flower buds and roots. Only weak expression of PdPI was detected in immature xylem, leaves and terminal buds (Figure 4 ). Because PdPI transcript abundance was highest in male P. deltoides flower buds, real-time PCR was performed to detect its expression in male flower buds during various developmental periods. Relative expression was low on July 8, greatly increased on August 19, and then slightly decreased on September 7. Following dormancy, PdPI expression increased quickly with the growth of flower buds during anthesis (Figure 5) . Microscopic observation of male P. deltoides floral buds revealed that the perianth primordia had appeared by July 8, the perianth and stamen were well formed and pollen mother cells could be seen by August 18, and that on September 7 the perianth and stamen were continuing to develop and the pollen sac had enlarged. From January 20 to February 12, with the growth of the flower bud, the pollen mother cells underwent meiotic division to tetrahedral microspores (data not shown). Thus, we consider PdPI to be closely related to flower development in P. deltoides.
We performed real-time PCR analysis of PdPI expression in male and female P. deltoides inflorescences that were collected just before flower opening and were large enough to provide sufficient material for RNA extraction from various floral parts. The perianths of the female flowers could not be dissected, because they were fused to the ovaries. As shown in Figure 6 , PdPI transcripts were detected in both male and female inflorescences. In male inflorescences, PdPI expression was high in the perianth and anther, and low in the peduncle and mature pollen, whereas in female inflorescences, PdPI expression was high in both the ovary (together with the perianth but not the stigma) and the peduncle.
Discussion
We isolated a MADS-box gene (PdPI) from a cDNA library of P. deltoides male flower buds. The deduced protein had the classic structure of a MADS-box transcription factor, a highly conserved KHExL sequence, and a PI motif. Therefore, it was designated a P. deltoides PI homolog of B-class MADS-box 932 ZHANG, SU AND ZHOU TREE PHYSIOLOGY VOLUME 28, 2008 proteins. Phylogenetic analysis of PdPI confirmed that it belongs to the PI subclass of B-class MADS-box proteins of eudicots. Microscopic observation (data not shown) and PdPI expression in male flower buds at various stages of development revealed that PdPI is closely related to the development of certain flower organs (perianth and stamen) and also of pollen in P. deltoides. By July 8, the male flower perianth primordia had appeared and PdPI was expressed, although at a low level.
Thereafter, the male flowers developed quickly, and by August 19, the perianth and stamen were well formed and pollen mother cells could be seen. After August 19, the expression of PdPI increased greatly. On September 7, the perianth and stamen were still developing, the pollen sac had enlarged and PdPI expression remained high. In contrast to two other genes whose cDNAs were isolated from the same library and whose transcripts were detected in anthers but not in mature pollen (unpublished data), PdPI was expressed in mature pollen at a low level. Because the expression of PdPI increased greatly with the growth of flower buds during anthesis when the pollen mother cells entered meiosis, we believe that PdPI is closely related to pollen maturation.
The real-time PCR results also showed that PdPI has a broader tissue expression pattern than reported for the PI of Arabidopsis and other trees. In Arabidopsis, PI is expressed in petals and stamens, but no expression was detected in other organs (Goto and Meyerowitz 1994) . MdPI from Malus domestica, which is more similar to PdPI in its protein sequence than the Arabidopsis PI, is expressed only in flowers (Yao et al. 2001) . In birch (Betula), which is unisexual and has only two floral whorls (and is therefore more similar to poplar), BpMADS2 is not expressed in vegetative tissues (Järvinen et al. 2003) . Until now, only the PI homolog of Eucalyptus globulus (Labill.), Egm2, has been observed, weakly expressed in tree vegetative tissues (Southerton et al. 1998) . We have now demonstrated that PdPI of P. deltoides is another tree PI-subclass gene that is expressed in vegetative tissues, especially in roots. Several MADS-box genes related to flower development in poplar, such as PTAG1/2, PTM3/4 and others, are also expressed in vegetative organs , Cseke et al. 2005 . However, as far as we know, PdPI is the only poplar floral MADS-box gene that shows high expression in roots. In addition, PdPI is expressed in female inflorescences at a relatively high level. The function of floral MADS-box genes is closely correlated with the expression patterns of TREE PHYSIOLOGY ONLINE at http://heronpublishing.com A MADS-BOX GENE OF P. DELTOIDES 933 these genes, particularly when expression levels are high (Kim et al. 2005) . Thus, our results suggest that the PdPI gene plays an important role in root development and in female flower development, although further studies are needed to determine the exact function of PdPI in poplar. The AP3/PI heterodimer, together with other MADS-box proteins, function as a component of a larger protein complex that controls flower development in eudicot plants Jack 2004, Sundstrom et al. 2006) . Our research suggests that PdPI of P. deltoides has important roles in male and female flower development as well as in root development.
